Transgenic mice carrying an HIV provirus, with selective deletion of all three structural genes, developed extensive lymphoid depletion which was detected not only in the spleen and lymph nodes but also in the thymus. Mice with a high level of HIV gene expression developed acute disease which resulted in premature death, and mice with a low level of viral transcripts developed chronic disease with longterm survival. Neither HIV replication nor the envelope glycoprotein ( 
Introduction
The hallmark of HIV-1 infection is the dysfunction and eventual depletion of CD4 ϩ T cells (1) (2) (3) (4) . Functional loss of this cell subset affects both the humoral and cellular responses, and results in a variety of immunological abnormalities and opportunistic infections. There is conflicting evidence as to whether HIV-1 infection of CD4 ϩ T cells is directly involved in their depletion (5) (6) (7) (8) (9) . Many questions relating to the rapid turnover of CD4 ϩ T cells remain poorly understood. What are the events which occur within infected lymphoid organs where most CD4 ϩ T cells mature and function? Do the CD4 ϩ T cells die as a consequence of HIV-1 gene expression? Are specific HIV-1 genes responsible for functional depletion of T cells?
How do the HIV-1 genes cause the cell to die? Are cells at a particular differentiation state more susceptible to killing? What are the immediate and long-term consequences of loss of CD4 ϩ T cells? Are these consequences the same irrespective of whether it is an acute or chronic infection?
To better understand HIV pathogenesis, we introduced a modified form of the HIV-1 genome into the germline of mice. In doing so, we bypassed the infection process and allowed detection of the consequences of viral gene expression in all permissive target tissues. Apart from the structural genes, gag , pol , and env , the HIV-1 genome contains at least six other genes (10) . Many of these accessory genes are suspected to play crucial roles in interacting with the host cell to facilitate the viral life cycle (11) . To reduce the complexity of the system, we chose to eliminate HIV replication, which is known to generate variants with different pathogenicities, by deriving mice with a replication-defective HIV genome. By doing so, we hope to reduce a moving target to a fixed one and to eliminate the need to deal with the potential host immune response to the free virus. Essentially, this will allow us to concentrate only on the consequences of viral gene expression on the infected cell.
Methods
Transgenic mice. The HIV transgenic mice were generated by microinjection of a 3.2-kb fragment into single-cell embryos derived from inbred FVB/N mice. Mice from two independently derived transgenic lines were used in this study.
Histological analysis. Mice were anesthetized with metofane and transcardially perfused with 4% paraformaldehyde prepared in phosphate-buffered saline. Tissues dissected from perfused mice were then postfixed overnight in 4% paraformaldehyde. Sections of paraffin-embedded tissues were cut at 5-m thickness and stained with hematoxylin and eosin (H&E) 1 for routine histological analysis. Immunohistochemical staining. For immunostaining, sections of paraffin-embedded tissue samples were mounted on silane-coated slides, dewaxed, rehydrated, and treated with 0.1% trypsin for 15-30 min at room temperature. Sections were incubated overnight at 4 Њ C with the appropriate antibody. All immunostained sections were developed with diaminobenzidine substrate using the avidin-biotin horseradish peroxidase system (Vector Laboratories Inc., Burlingame, CA).
Reverse transcriptase-polymerase chain reaction (RT-PCR). 100 ng of DNase-treated RNA prepared from various tissues was reverse transcribed, and amplified using specific primers against tat (5 Ј TGG-AAGCATCCAGGAAGTCAGCCTA and 5 Ј CCTGAGGAGCTC-TTCGTCGCTG), rev (5 Ј GCGACGAAGAGCTCCTCAGGACAG and 5 Ј CTCTCAAGCGGCGGTAGCTGAAGAGG), and ␤ -actin (5 Ј CAGGTCATCACCATTGGCAATGAG and 5 Ј CAGCACTGT-TGGCGTACAGGTC).
TUNEL assay. Paraffin sections were dewaxed, rehydrated, and digested with proteinase K (20 g/ml). Sections were labeled at 37 Њ C for 60 min with TdT (0.3 U/ l) in a cocktail consisting of 25 mM Tris, pH 6.6, 200 mM potassium cacodylate, 1 mM CoCl 2 , 0.25 mg/ml BSA, and 2 M biotin-16-dUTP. Sections were then incubated with avidin and biotinylated horseradish peroxidase, and stained with diaminobenzidine.
Results
The proviral DNA that was injected into single-cell embryos to generate transgenic mice was derived from HIV-1 strain SF2 (12) and contains two internal deletions (Fig. 1) . One deletion is located between nt 311 and 4454, and effectively eliminates both the gag and the pol coding sequences but does not affect either the common splice donor site at nt 290 or any of the splice acceptor sites for the nonstructural genes (13) . The other deletion precisely removes the intron located between nt 5601 and 7930, and eliminates much of the env coding sequence but conserves all of the open reading frames for the nonstructural genes except vpu. Since both the 5 Ј and the 3 Ј LTRs are intact, transcriptional initiation and termination are not expected to be affected. With the AUG codons of the Gag, Pol, and Env proteins absent from this construct, no structural proteins or subregions of them can be produced. While Vpu is missing, the functions of the other accessory proteins in the control of either viral gene expression or gene function in the expressing cells should remain unaffected.
Multiple transgenic mouse lines were derived and two were selected to be expanded for detailed analysis. These two lines were chosen because they have the highest yet very different levels of viral gene expression; the Q5 transgenic line has about a 10-fold higher level of HIV transcripts than the N4 line when tail RNA were compared by Northern blot hybridization analysis (Fig. 2) . The RNA species detected range in size from ‫ف‬ 1.5 to 2.5 kb, as predicted from the defective viral genome that was introduced into the germline of these mice. By RT-PCR analysis, both the Q5 and N4 mice showed accumulation of viral mRNA in all tissues tested (Fig. 3) . These findings suggest that HIV gene expression is promiscuous in the mouse. Significantly, despite the widespread expression of viral sequences in these transgenic mice, pathological changes were reproducibly detected in only a small subset of tissues, which includes the lymphoid, renal, and vascular tissues. The severity of changes (lymphoid depletion, glomerulosclerosis, and arteriopathy) correlates closely with the level of viral RNA expression in independent transgenic lines.
The high-expressing Q5 mice developed profound lym- phoid depletion while the low-expressing N4 mice showed similar but less severe lymphoid changes. It appears that Q5 mice manifest acute and N4 mice manifest chronic immunopathology. All of the Q5 mice from the F 1 generation which were allowed to mature became moribund at ‫ف‬ 5 wk of age. When compared to their nontransgenic littermates, Q5 mice appeared perfectly healthy and showed normal weight gain up to ‫ف‬ 4 wk of age, when they showed a precipitous weight loss and subsequently died. The Q5 founder mouse was able to survive because she was mosaic, with an estimated one of four cells being transgenic. Since she was fertile, she was able to transmit the transgene to progeny mice but succumbed after multiple breedings. At the time of death, she had lymphoid changes similar to those detected in her offspring. This contrasts with the N4 mice which were both viable and fertile, but many died with lymphoid changes characteristic of the Q5 mice. These results demonstrate that both transgenic lines showed similar pathological changes but with different severity, as described below.
Histopathological analysis of the spleen of a 26-d-old Q5 transgenic mouse, just before its transgenic littermates began to develop signs of cachexia, showed normal overall cellularity with fairly intact white pulp (Fig. 4 a ) . However, unlike its nontransgenic littermate, whose white pulp was made up of darkly stained lymphocytes detected at high magnification (Fig. 4 c ) , those in the Q5 mouse were somewhat heterogeneous and contained regions of palely stained lymphocytes abutting regions of more normal appearing cells (Fig. 4 e ) . The presence of lymphocytes with a more open nuclear morphology is accompanied by the detection of occasional pyknotic cells which is suggestive of increased cell death within the T-cell areas.
That these changes might have resulted from expression of HIV genes in the transgenic spleen is supported by immunohistochemical staining of a serial section with an antibody directed against the HIV-1 Rev protein. Our choice of using antiRev to demonstrate HIV gene expression was not because we feel that Rev may be involved in inducing lymphoid changes in these mice, but because this antibody is well-characterized and has a proven specificity (14) . Immunostaining was detected in specific regions within the spleen (Fig. 4 b ) , indicative of both antibody specificity and selective HIV gene expression. Although the T cell area from a nontransgenic littermate had no immunoreactivity with anti-Rev (Fig. 4 d ) , a similar area from a young Q5 mouse displayed abundant immunostaining, particularly in cells with altered nuclear morphology (Fig. 4 f ) . Interestingly, even within areas with abundant immunostaining, not every cell showed anti-Rev immunoreactivity. This suggests that HIV gene expression is permissive only in T cells at specific differentiation states and causes morphological changes in these cells.
Functional consequences in the spleen at this early stage were analyzed by cytofluorometric analysis of CD4 ϩ and CD8 ϩ cells in transgenic and nontransgenic littermates. In each analysis, the transgenic animal exhibited a decrease in CD4 cells when compared to its nontransgenic littermate (Fig.  5, a and b ) . The CD8 count, however, was not different between the mice (Fig. 5 c ) . This selective depletion of CD4 cells was not only significant but reproducible, even at a stage when the histopathology was not particularly abnormal.
Many of the Q5 mice from different litters were allowed to mature and every one of them became moribund at ‫ف‬ 5 wk of age. At this stage, histological examination of spleens invariably demonstrated extensive lymphoid depletion; white pulp was much smaller in surface area, suggestive of a reduction in total cell number. When compared to the nontransgenic littermate (Fig. 4 g) , T-cell areas within the white pulp of the transgenic spleen were almost devoid of lymphocytes and many of the remaining cells displayed a pyknotic morphology (Fig. 4 i) . Detection of apoptotic cells using the terminal deoxynucleotide transferase-mediated dUTP biotin nick-end labeling (TUNEL) procedure (15) revealed no reactivity in the nontransgenic spleens except for an occasional cell in the red pulp ( Fig. 4 h) ; however, overwhelming reactivity was observed throughout the residual white pulp in the transgenic mice (Fig. 4 j) . This suggests that lymphoid depletion in the spleen was the result of accelerated death of T cells by apoptosis. It should be pointed out that the TUNEL method detects only dying cells with significant DNA fragmentation but not dead cells with already ϩ T-cell depletion in the transgenic spleen. Splenocytes from individual Q5 transgenic mice, killed at 26 d of age and before they showed any sign of weight loss, were compared to splenocytes from individual nontransgenic littermates by cytofluorometric analysis using an antibody directed against CD4. With mice from one litter, the percentage of CD4 ϩ T-cells dropped from 32 to 22% when the nontransgenic mouse and its transgenic littermate were compared (a). With mice from another litter, the percentage dropped from 32% for the nontransgenic mouse to 25% for the transgenic littermate (b). When an antibody directed against CD8 was used on the same pair of mice shown in b, no detectable difference between the nontransgenic mouse and its transgenic littermate was observed (c). disintegrated nuclei. Given the apparent short time-scale for the apoptotic process, the number of TUNEL-reactive cells we detected suggests an overwhelming wave of cell death in these mice. Cytofluorometric analysis of cells from the spleen at this late stage revealed an abundance of cell debris but virtually no detectable CD4 ϩ or CD8 ϩ cells (data not shown), in agreement with the extensive cell death detected by the TUNEL procedure.
Interestingly, the wave of T cell death in the periphery was complete within a matter of days in Q5 mice. On the other hand, depletion occurred progressively over months in N4 mice. In fact, in the latter case, distinct morphologic stages were apparent in different transgenic animals; depletion was found initially within the outer marginal zone which contains resident macrophages with phagocytosed apoptotic bodies (Fig. 4 k) , and then proceeded to involve the inner periarteriolar sheath which contained numerous pyknotic cells (Fig. 4 l) . The lymphoid depletion in N4 mice eventually progressed and destroyed the entire white pulp area. It is apparent that high levels of HIV gene expression gave rise to acute T cell depletion and early death of Q5 mice, while low level of expression resulted in prolonged T cell depletion and increased survival of N4 mice.
Lymphoid changes were not restricted to peripheral lymphoid organs but were even more prominent in the thymus. Up to 26 d of age, the Q5 mice had a fairly normal appearing thymus ( Fig. 6 a) ; thereafter, the cortical region became depleted over a couple of days (Fig. 6 b) . Loss of lymphocytes in this region was consistently more rapid and more extensive than in the spleen of the same mouse. Of the remaining cells in the cortical region of thymus (Fig. 6 c) , many continued to undergo apoptosis as shown by TUNEL analysis (Fig. 6 d) . Cell death in the thymus was not restricted to the cortex but was also detected in the medulla, although not as rapidly or extensively (Fig. 6 e) . Unlike in the cortex, apoptotic cells within the medulla appeared in focal areas rather than evenly dispersed throughout the region (Fig. 6, e and f) . This pattern of sequential events within various lymphoid compartments suggests that immature double-positive cells may be more susceptible to HIV-induced apoptosis than mature single-positive cells.
The dropout of T cells was accompanied by functional consequences. A typical lymph node from a nontransgenic mouse showed clear segregation of B and T lymphocytes, with B cells forming discrete primary follicles in the subcapsular region and T cells occupying the paracortical region (Fig. 6 g) . On occasion, an enlarged germinal center (secondary follicle) was detected. TUNEL analysis revealed few apoptotic cells in the normal lymph node, except in the expanded germinal center (Fig. 6 h) . In lymph nodes from Q5 mice, not only was the paracortical region somewhat depleted (Fig. 6 i) , but many of the remaining cells were undergoing apoptosis (Fig. 6 j) . In some lymph nodes, depletion was extensive. This suggests that hypocellularity was due to the death of T cells, rather than to their removal or their lack of replenishment. Significantly, there was complete loss of primary follicles and accentuation of germinal centers (Fig. 6 i) . It appeared that depletion of T cells in the lymph nodes was accompanied by significant alterations in the B cell compartment. This was also observed in the spleen where depleting T cell areas had several expanded germinal centers (Fig. 4 k) .
Activation of the germinal center in lymph nodes was more pronounced in N4 mice where T cell loss was more gradual and the window of time available for such changes was more protracted (Fig. 6 k) . Expanded germinal centers appeared highly reactive, with frequent apoptotic bodies within tingiblebody macrophages. This pattern is highly reminiscent of follicular hyperplasia observed in HIV-infected individuals with early stage persistent generalized lymphadenopathy (16) (17) (18) . As evidence for germinal center activation giving rise to expansion of the B cell compartment, analysis of lymph nodes from old N4 mice frequently showed surviving T lymphocytes confined into pools on a background of B lymphocytes (Fig.  6 l) . The B cells were predominantly immunoblasts, with a characteristic basophilic cytoplasm and a low mitotic index (Fig. 6 m) . These cells also seemed to have a significant apoptotic rate, as indicated both by the "starry-sky" tissue morphology and by TUNEL reactivity. That these are B cells was confirmed by immunostaining with an antibody directed against immunoglobulin (Fig. 6 n) , which selectively identified the background B cells but not the focal areas of T cells. This finding is consistent with our detection of an increase in circulating levels of IgM in the mice (data not shown). Interestingly, these observations mirror the polyclonal B cell hyperplasia observed in HIV infection (19) (20) (21) . In particular, the histopathological features in N4 transgenic mice have marked resemblance to AIDS-associated lymphoma (22, 23).
Replacement of T cells by B cells was virtually complete in some N4 mice, where cells in the entire lymph node were Ig ( Fig. 6 o) . Paracortical accumulation of B immunoblasts suggests a lack of proper T cell control and may reflect the lack of signals for further differentiation. The increase in nodal volume gave rise to lymphadenopathy in these mice. In young Q5 mice, where T cell depletion was significantly more accelerated, expansion of B cells, while not necessarily morphologically apparent, could similarly be detected when lymph nodes were immunostained with anti-Ig (Fig. 6 p) . Of importance is the observation that these B immunoblasts have no detectable HIV gene expression, either by in situ hybridization analysis or by anti-Rev immunostaining. This indicates that the change in the B-cell compartment was secondary to loss of the T cell compartment in these transgenic mice.
Discussion
This study has provided several observations implicating HIV in inducing T-cell depletion in mice. Although there is increasing evidence for HIV driving the killing of CD4 ϩ T cells in infected individuals (5, 6) , it remains unclear whether the effect is direct (7) (8) (9) . Many of the suggestions of an indirect mechanism of action of HIV involve gp120 as the determining viral factor. However, our findings suggest that the Env protein is not required for lymphoid depletion in the transgenic mouse model. Although we cannot conclude that HIV gene expression leads directly to the death of the cell, our observations do not rule out an indirect mechanism of killing. The fact that HIV gene expression did not appear sufficient to cause cell death until the mice reached full immune maturation, at which time depletion proceeded precipitously, suggests that the state of maturation of the T cell is important for susceptibility to killing.
The transgenic approach will hopefully allow us to identify which HIV nonstructural gene(s) is responsible for inducing the lymphoid changes and, more importantly, define the underlying mechanism(s) of immune cell dysfunction and death. However, it is possible that multiple HIV genes may be involved in the complex changes that we observed. For example, both tat and nef have the ability to induce apoptosis in tissue culture cells (25, 27) . Additionally, rev has been shown to induce cytotoxicity (28) and vpr can cause cell cycle arrest (29, 30) . All of these in vitro activities may be acting in concert in vivo in the transgenic mouse. Indeed, we have already demonstrated using specific PCR primers that both Tat and Rev transcripts accumulate in the involved lymphoid tissues. It will be important to determine whether the other viral transcripts are also present and whether transgenic mice carrying individual HIV genes will develop similar pathologies.
Apart from the debate on why CD4 cells die in HIV-infected individuals (1) (2) (3) (4) (5) (6) (7) (8) (9) , it is also not clear how they die. Our demonstration of DNA fragmentation by in situ detection of DNA breaks, together with characteristic morphological features, suggests that cell death in the HIV transgenic mice is by apoptosis. This conclusion is consistent with studies using either cell lines (31) (32) (33) (34) (35) or SCID-hu mice (36) (37) (38) infected with HIV. The fact that our transgene does not encode the Env protein demonstrates that gp120 is not required for the apoptotic process, in contrast to what has been speculated (39) (40) (41) . However, it is interesting to note that the Tat protein is implicated in inducing T-cell death (27) ; our transgenic mice also express the tat gene. We are hopeful that these transgenic mice will facilitate the identification of cellular genes involved in the apoptotic pathway in T cells.
Immune dysfunctions in HIV-infected individuals are exceedingly complex and some of these changes are expected to be secondary to the perturbation of function of CD4 ϩ T cells (4, 42) . Patients with AIDS have an increase in both circulating immature B cells (43, 44) and level of spontaneous immunoglobulin production (20, 21, 45) . B cell disorders may result from maturational arrest at the germinal center stage (46) and may contribute to the development of AIDS-associated lymphoma (22, 23). The findings with our HIV transgenic mice are consistent with these changes being indirect consequences of T cell loss. These mice may be useful for elucidating altered signaling pathways which are responsible for various immune dysfunctions.
In conclusion, our transgenic model is an attempt to define only certain aspects of HIV pathogenesis. Since the chimeric construct cannot support viral replication, events related to the viral life cycle are not addressed. Processes involving free viruses and viral infection are nonexistent. Since the viral gene products expressed in the transgenic mice are likely to have induced immunological tolerance, we have not observed evidence of immune reactivity to viral antigens which are known to occur in HIV-infected patients. As a result, our transgenic studies address only a subset of events which occur in natural HIV infection of humans. In particular, events which are related to the intracellular accumulation of viral gene products may be exaggerated in a setting where other events do not occur. This may facilitate molecular dissection of the underlying mechanism of involvement, in the absence of adjunct activities occurring simultaneously.
